Viscoelasticity Imaging (VEI) has been proposed to measure relaxation time constants for characterization of in vivo breast lesions. In this technique, an external compression force on the tissue being imaged is maintained for a fixed period of time to induce strain creep. A sequence of ultrasound echo signals is then utilized to generate time-resolved strain measurements. Relaxation time constants can be obtained by fitting local time-resolved strain measurements to a viscoelastic tissue model (e.g., a modified Kevin-Voigt model). In this study, our primary objective is to quantitatively evaluate the contrast transfer efficiency (CTE) of VEI, which contains useful information regarding image interpretations. Using an open-source simulator for virtual breast quasi-static elastography (VBQE), we conducted a case study of contrast transfer efficiency of VEI. In multiple three-dimensional (3D) numerical breast phantoms containing various degrees of heterogeneity, finite element (FE) simulations in conjunction with quasi-linear viscoelastic constitutive tissue models were performed to mimic data acquisition of VEI under freehand scanning. Our results suggested that there were losses in CTE, and the losses could be as high as −18 dB. FE results also qualitatively corroborated clinical observations, for example, artifacts around tissue interfaces.
Introduction
In recent years, strain elastography [1] [2] [3] (SE) has been successfully applied to non-invasive differentiation of breast lesions. 2, 4 In the framework of SE, speckle tracking 3, 5, 6 is first performed between echo signals acquired before and after tissue deformation. Then, local strains estimated from ultrasonically measured displacements are used to infer the relative elastic stiffness of component tissues. To improve diagnostic accuracy (particularly specificity) of breast cancers, research efforts [7] [8] [9] [10] have been expanded to include viscoelastic properties. Those research efforts are collectively named as viscoelastic imaging (VEI). VEI is accomplished by collecting a sequence of time-resolved strain images that are then used to estimate the strain creep (relaxation) time constant. Feasibility of VEI, as well as its basis in molecular cancer biology, 7 has been demonstrated through phantom materials and in vivo breast tissues. [7] [8] [9] [10] Furthermore, in an early clinical trial, 11 it was reported that VEI provided discrimination of malignancy in non-palpable breast tumors where SE did not.
Despite the above-mentioned progresses, some unknowns need to be addressed to further develop VEI toward its full potential. Toward this end, our primary objective of study is to understand the contrast transfer efficiency (CTE) of VEI. Using CTE simulations as a case study, we also want to demonstrate the usefulness of virtual breast quasi-static elastography (VBQE). 12 To our knowledge, the CTE of VEI has not be systemically investigated. CTE in elastography has been broadly defined as the ratio of (intensity) contrast produced in an image to the ideal or "true" contrast of the material property being measured. 13 CTE has been a useful imaging parameter for characterizing the degree to which an elastographic technique captures the material property it intends to image, contributing to our understanding of contrast limits of SE 13, 14 and electrode-displacement elastography. 15 In this study, virtual imaging prototyping (i.e., VBQE) was used to investigate the CTE of VEI. Virtual imaging prototyping, a technique borrowed from manufacturing, refers to a process of imaging system development, which involves computer-aided engineering software (i.e., geometry modeling and Finite Element Analysis [FEA] software) to validate a design or method before committing to making a physical/hardware prototype. This approach deviates from typical investigations into elastographic CTE in two ways. First, most prior studies used idealized tissue-mimicking (TM) or numerical phantoms composed of a simplistic geometrical target embedded in a large uniform background [13] [14] [15] ; VBQE is capable of efficiently simulating complex geometrical structures. Second, due to the difficulty in developing TM materials, which represent realistic viscoelastic material properties, most prior studies used linearly elastic solids. VBQE has the capability to assign varying material properties. In short, it is important to consider the utility of more sophisticated tissue models that include anatomical structures and realistic material properties.
Because of practical difficulties and cost associated with developing complex TM phantoms that can realistically represent both anatomy and material properties, VBQE becomes a viable alternate. However, only a few studies of this kind have been reported. This is largely due to the fact that building complex and anatomically realistic VBQE models requires interdisciplinary knowledge in tissue mechanics, computer modeling, finite element modeling (FEM), and acoustic signal processing and is, therefore, difficult to conduct. One exception was presented by Bhatti and Sridhar-Keralapura. 16 However, they used linearly elastic solids and idealized geometries (e.g., a half spherical virtual breast) to simulate the structure of the human, female breast. Now, an open-source VBQE simulation platform 12 can be used as a single gateway software platform to perform advanced VBQE simulations of this kind. In the VBQE platform, both realistic (i.e., heterogeneous) anatomy and sophisticated viscoelastic material models are available. Leveraging this resource, we expect to better understand the characteristics of CTE.
Materials and Method
The proposed software workflow is a multiple step process (see Figure 1 ). This process, along with interactions with numerical breast models and FEBio, 17 is briefly presented in this section.
Finite Element (FE) Models
As shown in Figure 1 , the starting point is FE models. CTE was first investigated and characterized in simple FE phantom models, followed by CTE characterization in two complex breast phantoms modified from a previous publication. 12 All geometries were defined by 3D triangulated surfaces generated by Visualization Toolkit (VTK, Kitware, Inc., New York) 19 and then meshed to tetrahedrons by an open-source mesh generator called Tetgen (version 1.4.2; WIAS, Berlin, Germany). 20 More specifically, in the simple phantom model, a single spherical inclusion was embedded in a 60 mm × 60 mm × 60 mm block, as depicted in Figure 2 . Geometries of two 3D complex virtual breast phantoms (i.e., Lesion 1 and Lesion 4 phantoms in our previous work 12 ) were adopted for this study. The image plane of the Lesion 4 phantom is illustrated in Figure 2 . Both the Lesion 1 and Lesion 4 phantoms were developed based on landmarks (e.g., fibro-glandular region, skin, etc.) from Magnetic Resonance Imaging (MRI) data, 21 in addition to random small anatomical structures (e.g., Coopers' ligaments, milk ducts, etc.). Particularly, the Lesion 1 phantom represents a simulated breast tumor with regular margins, while the Lesion 4 phantom represents a simulated complex breast cancer with an irregular shape and a necrotic core. Details regarding the construction of both numerical breast phantoms can be found in a previous publication. 12 Finite Element (FE) Simulations FE Simulations were conducted using an open-source nonlinear FE solver (FEBio 2.0; University of Utah and Columbia University) 17 using a quasi-linear viscoelastic (QLV) material model. 22 Simple and complex phantoms contain approximately 0.75 million and 2.5 million finite elements, respectively. A mesh sensitivity study was conducted in our previous study. 12 Loosely Figure 1 . Software workflow for generating simulated creep/relaxation time images. In the first step, model geometries and finite element meshes were created using open-source software packages (VTK and Tetgen). In the second step, the intended FEA simulation was performed using an open-source FE package (i.e., FEBio) to mimic VEI data acquisition (i.e., strain creep under a constant compression). In the third step, FE-simulated displacement data were processed to obtain a sequence of time-resolved strain images. In the fourth step, relaxation time constants were estimated from those aforementioned time-resolved strain data. In the last step, ROIs (i.e., red boxes in the subplot located at the lower left corner) were selected similarly as was done in Wang et al. and Pavan et al. 12, 18 Imaging contrast values were then calculated from the selected ROIs and CTE evaluated for each and every VEI image. VTK = Visualization Toolkit; FEA = Finite Element Analysis; FE = finite element; VEI = viscoelastic imaging; ROIs = regions of interest; CTE = contrast transfer efficiency.
speaking, this QLV constitutive model 22 includes both elastic and viscous components as shown in Table 1 below, with more details found in the appendix. Particularly, we applied a constant force that was evenly distributed around the simulated contact surface (approximately 4 × 1.5 cm) between the ultrasound transducer and the corresponding phantom in all FE simulations. Typically, this compressional force was ramped from zero force to the specified target force over a 1 second period with or without pre-compressions. This force was then held constant for the duration of the simulation as the strain creep occurred. The force varied between 2 to 20 N to simulate different amounts of compressions (5%-15%). This range is consistent with values reported in the literature (e.g., Sridhar et al. and Qiu et al. 8, 11 ).
To ensure that a given FE simulation ran long enough to precisely capture the overall shape of the relaxation time constant curve, an adaptive time scheme was devised. The total simulation would run for at least three times as long as the largest relaxation time among all material components after the initial 1 second force ramp. The adaptive time stepping scheme also assured that the time step would be smaller than the smallest relaxation constant of all material components.
Estimation of Relaxation Time Constants
FE-simulated displacement data for each and every time step were exported from the FE solver (i.e., FEBio 17 ) to reconstruct axial displacement fields in a uniform rectilinear grid (approximately 0.02 mm × 0.02 mm). One strain image from each time step was created from the axial displacement field associated with the time step using a two point finite difference scheme. Thus, one time-resolved strain curve (see the red curve in Figure 3 ) for each and every spatial Table A2 V-W model (see Tables A1 and A2 in the appendix)
The values for the RTC reported in Table 1 were converted from RTC values under stress relaxation. More details of this conversion can be found in the appendix of a prior publication. 12 RTC values of background materials were derived from Qiu et al. 11 FE = finite element; QLV = quasi-linear viscoelastic; RTC = relaxation time constant.
location/pixel was obtained. Each time-resolved strain curve was fitted into a modified KevinVoigt model 11 using the Optimization Toolbox in MATLAB (Mathworks Inc., MA, the Netherlands) as follows,
where ε 0 is the instantaneous elastic strain that occurs immediately after compression and ε 1 is the amplitude of the exponential creep curve. In Equation (1), the constant T 1 is the relaxation time used in VEI. 11 To clarify, the Kevin-Voigt model used in the modified Kevin-Voigt model 11 deviated from the conventional setting-one spring and one dashpot in parallel, because the instantaneous strain ε( ) t is not zero in Equation (1) . In this study, we termed this model as a modified Kevin-Voigt model to keep our description consistent with the work by Qiu et al. 11 In fact, the creep strain curve under this modified Kevin-Voigt model (Equation (1)) is mathematically identical to a three-element (Kevin-form) standard linear Solid (SLS) model. 24 The creep strain curve of the SLS model can be found in the appendix.
Calculation of Contrast Transfer Efficiency
Imaging contrast was calculated by averaging pixel values between selected regions-of-interest (ROI) within the imaging target and in adjacent regions of the imaging background, with the total number of pixels averaged in the background being equal to that of the target. ROIs were placed in a similar position to Wang et al. and Pavan et al. 12, 18 The ROI within the imaging target was placed at the center of the imaging target, while the four ROIs in the imaging background were placed in an X pattern around the imaging target. The ROIs placed in the imaging background were offset from the target-background boundary to avoid boundary artifacts present in the image. A contrast value could then be calculated by dividing the average relaxation time constant collected from the target by that of the background.
CTE was defined similarly as it has been in other simulation studies of quasi-static elastography (QUE). 13, 25 The CTE is given by the following equation 15 :
where C o is the image contrast calculated in the VEI as described above, and C t is the true image contrast between the background and the target due to a difference in the underlying material properties.
Results
FE simulation results in this section are used to demonstrate characteristics of CTE and have been organized to address three aspects: (1) CTE characteristics in simple phantoms with linear stress-strain relations in the QLV constitutive model, (2) CTE characteristics in simple phantoms with nonlinear stress-strain relations in the QLV consistent model, and (3) CTE assessments in complex numerical breast phantoms.
Loss of CTE in Simple Phantoms with Linear Stress-Strain Relations
In general, FE simulation results showed that there were losses in CTE while the relaxation time constant (RTC) of the target differed from that of its background. Figure 4 displays an example of CTE results, taken from a set of Case 1 phantoms (see Table 1 ), where the elastic modulus ratio between the target and the background is approximately 5:1 for the Neo-Hookean model in the framework of QLV model (see the appendix). The RTC ratios between the target and the background were varied between −20 dB to 20 dB. In all cases, estimated contrast tended to diminish in points farther away from 0 dB of the true underlying contrast. Common to all cases, the characteristics of the lost contrast seemed to depend on the sign and absolute magnitude of the true contrast values. For positive contrasts, that is, contrasts to the right of 0 dB, losses of CTE would approach a plateau, and it would seem that a consistent bias in the imaged contrast would be observed. For negative contrast values, no such plateau was observed, and CTE decreased with increasingly negative contrast values (Figure 4 ). Figure 5 displays basic characteristics of contrast transfer for three different (target-to-background) elastic modulus ratios: 1:1, 5:1, and 10:1. From these results, it is apparent that increased target stiffness relative to the background increased CTE throughout the range of contrasts simulated. It was clear that none of these scenarios produced ideal contrast transfer. Indeed, the CTE gains were more dramatic between 1:1 and 5:1 elastic moduli ratios than between 5:1 and 10:1. Figure 6 displays simulation results for contrast transfer characteristics of Case 2 phantoms where the target size was varied. In all Case 2 phantom scenarios, the elastic modulus ratio between the target and the background was set at 5:1. From this, we see that target diameter also contributed to the amount of contrast transferred into the RTC image, although not as dramatically as different elastic moduli ratios (see Figure 5 ). More specifically, a larger inclusion diameter resulted in a greater amount of contrast transferred to the RTC image.
As losses of contrast, as we have defined it, must be due to mischaracterization of the material relaxation time in either or both the imaging target and imaging background, it is worthwhile to consider values of the relaxation times that result in observed contrast transfer. This provides the In the top middle plot, estimated image contrasts are plotted against the true contrast (in dB). In the lower middle plot, CTE is plotted against the true contrast. In both middle plots, simulation results are plotted in blue while the ideal contrast transfer is represented by a dashed red line. In the left and right columns, FE-simulated RTC images were shown corresponding to the numbered points on those two blue curves in the two middle plots. The units in all RTC images were time (seconds). CTE = contrast transfer efficiency; FE = finite element; RTC = relaxation time constant. necessary information to begin to decipher some of the underlying dynamics that result in lost CTE. Figure 7 displays this information for both the varied target diameters and elastic moduli ratios. From this, it is apparent that the majority CTE loss is due to mischaracterization of the spherical imaging target rather than the background. In fact, RTC image pixels collected from the imaging background deviated inappreciably from their ideal values. One might also note a peculiar characteristic of the target relaxation, which is that below roughly −12 dB of true contrast, the imaged relaxation time begins to increase rather than decrease. This observation was common to all Case 1 and Case 2 phantoms, the increase was much steeper for the scenarios with apparently improved contrast transfer characteristics (i.e., higher underlying elastic contrasts and larger target diameters). Figure 8 illustrates effects that stress-strain nonlinearity and varied degrees of pre-compression (5%, 10%, and 15%) had on contrast transfer characteristics in two Case 3 phantoms. One can see that, in the benign case where the target has similar degrees of nonlinearity to the background, there is not an appreciable difference in contrast transfer characteristics. Comparing this with the malignant case, where the imaging target is substantially more nonlinear, we observe more appreciable CTE losses, with losses being greater for the larger compressions.
CTE Characteristics in Simple Phantoms with Nonlinear Stress-Strain Relations

CTE Assessments in Complex Numerical Breast Phantoms
Having established some basic characteristics of contrast transfer in the simple phantom model scenarios, characteristics of the complex phantom (i.e., Case 4 Phantoms) can now be interpreted with some context. Figures 9 and 10 display sample RTC images for the two different simulated lesions in the nearly identical background (i.e., simulated fibro-glandular tissues). From the Lesion 1 phantom, one can see that the relaxation time contrast tends to be more homogeneous throughout the simulated breast lesion. Indeed, if one considers Figure 11 , it is apparent that the resulting CTE characteristics in the Lesion 1 phantom were within the range of CTE values observed in the Case 1 phantom. Of note, the initial elastic modulus ratio between the Lesion 1 and its fibro-glandular background was set to be 7.5:1 at the small strain, as shown in Table A1 in the appendix.
For the Lesion 4 phantom, it is apparent that this relation is more complicated. The relaxation time appeared to vary more substantially throughout the lesion with artifacts appearing throughout, while the underlying relaxation time constant was assumed to be the same. For instance, the portion of the lesion that protrudes out of the glandular tissues and into the fatty tissue appears to have a lower contrast compared with the portions of the lesion imbedded more deeply into the fibro-glandular tissue. This observation is shown in Figure 12 
Preliminary Results Regarding Changes in the Gamma Parameter
The influences of the parameter γ 1 (Equation (A2) in the appendix) on CTE are investigated in this section. γ 1 determines the degree to which the material will relax after a mechanical stimulus is applied. Figure 13 displays CTE results as a function of γ 1 , which varied from 0.15 to 1.5 in the Case 1 phantom. The underlying VEI contrast was set to 20 dB and an elastic modulus ratio of 5:1 between the spherical target (diameter: 10 mm) and the background material. γ 1 was varied both throughout the material (Figure 13a ) and within the imaging target only (Figure 13b) , with γ in the imaging background set to 0.95. While variations in this parameter did not display Figure 8 . Contrast transfer characteristics for two Case 3 Phantoms that represent different nonlinear elastic stress-strain curves (using the V-W hyperelastic model). Simulations were run to a deformation level of 5% (black curves), 10% (blue curves), and 15% (green curves). The leftmost plots are of simulations using material parameters characteristic of a (simulated) benign lesion, and the rightmost plots are that of a (simulated) malignant lesion. V-W = Veronda-Westmann; CTE = contrast transfer efficiency. a major influence on the CTE when target and background matched, losses in CTE were prominent when γ 1 in the target was lower than the background material, appearing to level off with higher values of γ 1 .
Discussion
This study, to our knowledge, is the first comprehensive FE simulation study into the CTE properties of VEI for characterization of breast tissue lesions. Results from our study improve understanding of VEI as a novel image modality, thereby aiding in its image interpretations. It was clear from these results that the contrast transfer characteristics observed were a result of the complex interactions between the imaging target and background. As shown in the section "Results" above (see Figures 4-7) , both the size of the imaging target and the underlying elastic contrast were significant factors in the contrast transferred into the RTC images. The dependence of VEI contrast on the purely elastic material properties of the target relative to background have some interesting consequences. Because malignant lesions such as invasive ductal carcinomas tend to be stiffer than benign lesions, 26 it is likely that this effect may contribute to the specificity of VEI in characterizing dangerous lesions. In addition, this suggests that it may be warranted to consider VEI in conjunction with modalities for characterizing purely elastic properties (e.g., SE and shear wave elastography [SWE] ). A future study may consider how combining elastic and viscoelastic characterization as well as the CTE characteristics may be used to develop a better estimate of relaxation time as well as an estimate of characterization uncertainty. It is also interesting to note that the loss of contrast due to the target diameter would seem to indicate that VEI may be more accurate when it is used to image larger lesions than it is for small lesions. If this observation is true, VEI may not be able to characterize malignant lesions in early stages where the tumor is just beginning to grow.
As malignant breast lesions typically have shorter relaxation times than their surrounding fibro-glandular tissues, 7,11 the larger loss of contrast for negative dB values of true contrast may hamper this effort. In addition, one may have noticed that around −12 dB true contrast, the imaged contrast actually begins to increase, meaning that the contrast observed in a relaxation time image may be associated with more than one relaxation time constant (see Figure 7) . In this sense, a quantitative use of lesion relaxation time constant for characterization of breast tumors could be challenging, similar to the situation when the strain ratio in SE was used as a means for breast lesions differentiation. 4, 27 The consequences of hyperelastic nonlinearity and degree of compression on CTE indicate that these factors may also contribute in important ways to the CTE of viscoelasticity. Of course, this issue may be mitigated when readings from force sensors can be used to provide feedback to the operator. 11 From our simulation results, we can see that simple phantom characteristics are well suited for describing lesions that are relatively compact and regularly shaped near tissue boundaries. Significantly irregularly shaped lesions that protrude into different tissues can have significantly different CTE characteristics throughout the lesion, thereby complicating the image interpretation. Furthermore, imaging artifacts around tissue interfaces were also clearly visible. Artifacts around tissue interfaces are likely due to complex interactions around the tissue interfaces where strain response curves deviate away from typical creep strain curves. Similar artifacts were also observed from previous in vivo studies. 8, 11 The current study was conducted to investigate the contrast transfer characteristics of VEI in a similar fashion to that which has been done in SE. [13] [14] [15] We attributed those contrast losses to the fundamental continuum mechanics. However, our FE-based approach did not consider losses due to ultrasound image and subsequent speckle tracking. Those losses are typically small as compared with the contrast loss due to the continuum mechanics, [13] [14] [15] although this can be considered a limitation of the current study.
Another possible limitation of the current study is the absence of a full investigation into the influence by the γ 1 parameter on CTE. The preliminary results presented here suggest that while γ 1 seems to display minor influences over CTE in the relaxation time image when it is identical for both the target and inclusion, it results in more dramatic losses when it is significantly smaller within the imaging target as compared with the inclusion. This would be expected, as a small γ 1 parameter implies the initial strain, and thus the initial stiffness of the model, would dominate over the viscous terms. Because γ 1 determines the amount of stain accumulated during material relaxation, it may be warranted to consider a full investigation of γ 1 with acoustic simulations. Detectability of small changes in time-resolved strain in conjunction with acoustic simulations would shed light on detectability dependent on ultrasound systems. Nevertheless, relative viscoelastic changes over the time determined by γ 1 could be a factor in contrast losses due to the sensitivity and accuracy of ultrasonic speckle tracking.
Conclusion
In this study, we have used an FE-based approach to investigate the physics behind the contrast transfer efficiency of VEI. In general, we found that there were significant losses in CTE for nearly all cases investigated. More specifically, in some cases, the CTE losses could be as high as −18 dB. Our FE results also qualitatively corroborated clinical observations, for example, artifacts around tissue interfaces. Overall, our FE-simulated results expand current understanding of the imaging characteristics intrinsic to the VEI technique, thereby aiding image interpretation.
where σ e is the elastic stress and G t ( ) is a reduced stress relaxation function. 22 In Equation (A2), τ i represents one of relaxation time values in the Prony series, and γ i is the viscoelastic coefficient in the Prony series. In this study, N was set to be 1 and Equation (A2) became a threeelement Standard Linear Solid (SLS) model, 24 as shown in Figure A1 .
The strain creep response curve of the SLS model can be expressed as, 28 ε ε ε 
where ε 0 is the instantaneous elastic strain that occurs immediately after compression, τ σ is the relaxation time constant under a constant stress, and E E 0 1 / is γ 1 in Equation (A2) when N = 1. By adopting the QLV model, both the elastic and the viscous components affect the timeresolved stress and strain curves. In this study, both the Neo-Hookean model 24 and the VerondaWestmann (V-W) model 29 were used. The Neo-Hookean model is close to a linearly elastic model, while the V-W model exhibits strain-stiffening behaviors observed in breast tissues. 26 Particularly, the strain energy function of the V-W model can be written as follows: 
where C 1 and C 2 are, respectively, the first and second Veronda-Westmann coefficients, I 1 and I 2 are, respectively, the first and second invariant of the right Cauchy-Green tensor, and U(J) is a function of volumetric strain function. In FEBio, 17 a nearly incompressible V-W model was implemented.
In this study, uniaxial stress-strain curves of glandular tissue, fat, skin, fibroadenoma, and invasive ductal carcinoma were fit to the V-W model. Those stress-strain curves were derived based on previously published results. [30] [31] [32] Material properties of the Cooper's ligament were derived from other ligament data in literature because stress-strain curve of Cooper's ligament is not available in the literature. Parameters used for the relaxation function are shown in Table A2 RTCs above are RTC values associated with the stress relaxation. Once those were converted to RTC values for strain creep, a factor of 1.95 should be used. This is well understood in the mechanics (e.g., Fung 24 ) and has been described in our previous publication 12 in the context of the SLS model. QLV = quasi-linear viscoelastic; RTC = relaxation time constant; SLS = Standard Linear Solid.
